A photosensitized high-surface area transparent electrode has been employed to increase the short circuit current of a photovoltaic device with a blend of poly(3-hexylthiophene) (P3HT) and (6,6)-phenyl C61 butyric acid methyl ester (PCBM) as the active layer. This is achieved by directly growing ZnO nanowires on indium tin oxide (ITO) film via a physical vapor method. The nanowire surface is then decorated with CdTe quantum dots by pulsed electron-beam deposition (PED). The nanowires alone provided a 20-fold increase in the short circuit current under visible light illumination. This was further increased by a factor of ∼1.5 by the photosensitization effect of CdTe, which has an optical absorption of up to 820 nm.
Introduction
Over the past years, there has been a tremendous motivation to develop highly efficient organic photovoltaic (OPV) devices or solar cells. This is primarily driven by the perspective of low cost production of large-area OPV devices, which can be accomplished, for example, by roll-to-roll processes. The most researched organic active layer is the blend of poly(3-hexylthiophene) (P3HT) and (6,6)-phenyl C61 butyric acid methyl ester (PCBM). They form a bulk heterojunction that facilitates efficient exciton dissociation. Charge separation of excitons between P3HT and PCBM is greatly enhanced due to the ultrafast electron transfer between them. Power conversion efficiencies around 6% have already been reported [1] . The most common transparent electrode for the P3HT:PCBM active layer is indium tin oxide (ITO). ITO can either serve as a hole or electron collector depending on the device structure and the metal employed as the back electrode.
There has been a considerable effort in optimizing the power conversion efficiency (ε) of OPV devices based on P3HT:PCBM blend. This efficiency can be expressed as:
where I SC is the short circuit current, V OC is the open circuit voltage, FF is the fill factor and P in is the power of the light delivered to the device. Several concepts have already been explored and results are promising. For example, adding oleic acid in the blend can improve ε substantially [2] . Different interlayers inserted between the active layer and the electrode, have also been explored for improving charge transport [3] [4] [5] . These layers either serve as a hole or electron blocker for reducing charge recombination near the electrode interface. PEDOT:PSS, LiF, WO 3 , ZnO and TiO are examples of such layers. Doping of a P3HT:PCBM blend by carbon nanotubes has also been reported to improve ε due to their high electron transport capability [6] . Another concept that can improve ε is to increase the effective area of the active region by incorporating a vertical TiO 2 nanotube array [7] . Nanotubes have a high surface-to-volume ratio that provides a large interfacial area for exciton dissociation. Furthermore, TiO 2 has the good electron mobility needed for better conduction of the photocurrent. In OPV devices based on a P3HT:PCBM blend, the PCBM does not provide a direct conduction pathway for the electrons towards the electrode. Electrons are transported via a hopping process and thus, increasing the layer thickness of the blend results in an increased charge recombination and/or space charge effects. To circumvent this problem, an array of vertically oriented ZnO nanorods has been incorporated into the blend [8] . This improves electron collection because the photogenerated electrons in the P3HT or PCBM are easily captured and transported toward the electrode by the ZnO nanorods, which have a large ionization potential. Thus, photovoltaic devices based on arrays of vertically oriented ZnO nanowires or nanorods and P3HT:PCBM blends are expected to exhibit better ε with a thicker active layer. A thicker layer will absorb more photons without sacrificing the charge transport efficiency provided by the nanowires. However, ε for such OPV devices can be further improved because the optical absorption spectrum of the blend has an incomplete overlap with the solar spectrum. The wavelength of strong absorption for P3HT:PCBM blends is limited to the ∼400 nm to ∼650 nm range. In contrast, photons with wavelengths longer than 700 nm represent nearly 60% of the solar photon flux. One way to address this limitation is to photosensitize the ZnO nanowires to extend the device sensitivity to longer wavelengths. In this work, a photosensitized high-surface area transparent electrode has been explored for the P3HT:PCBM active layer. It was accomplished by growing ZnO nanowires, which will be referred to as ZnO-NWs, on the ITO film. This alone resulted in the substantial increase in I SC of the OPV devices. A further increase in I SC was observed when the ZnONWs were photosensitized via decoration of CdTe quantum dots (CdTe-QDs). The photosensitization effect of CdTe-QDs extended the wavelength sensitivity of the OPV devices up to ∼820 nm, which is the band edge absorption of CdTe.
Experiment
An optical glass slide, cut to approximately 0.375 inch×1 inch, was used as the substrate for all the OPV devices. Several substrates were pre-coated at the same time with 500 nmthick ITO, using e-beam evaporation. It was followed by thermal annealing in ambient air at 500
• C for 30 min. The transmittance of the coated substrates in the visible wavelength was in the 80% range with a sheet resistance in the 100 range. In each substrate, two OPV devices were fabricated for comparative investigation. One served as the reference and the other as the test sample. Figure 1 illustrates how two PV devices are fabricated to investigate the effect of ZnONWs on the I SC . This device is referred to as device 1. In the first step, a 100 nm-thick ZnO film was deposited on the middle of the ITO-coated substrate to serve as a buffer layer for ZnO-NW growth. In the second step, the right-hand side (with respect to the middle of substrate) of the ZnO film was grown with ZnO-NWs via a two-step low temperature vapor transport method, which is similar to a previous report [9] .
Briefly, a high purity Zn source and the substrate were inserted into a 10 mm diameter quartz tube. They had a separation distance of about 75 mm. One end of the tube was open to ambient air, while the other end contained a flow reducer. The tube was purged with Ar gas to remove oxygen prior to heating the source. With the inert gas continuously flowing through the tube at 30 sccm, the source was then placed at the 600
• C region of the horizontal furnace while the substrate was at the ∼400
• C region. Zn was evaporated for 5 min and the tube was removed from the furnace and cooled to room temperature. The sample was then transferred to another tube and annealed in ambient air at 500
• C for 20 min to form the ZnO-NWs. To selectively grow the ZnO-NWs on a targeted region, the substrate was appropriately masked using glass slides. In the second step, the two sides of the electrode were coated with the P3HT:PCBM blend via drop casting. The solution was prepared using a 1:0.2 ratio by weight of P3HT and PCBM that were separately dissolved in chlorobenzene at a concentration of 20 mg ml −1 . The resulting active layer had a thickness of around 1 μm. When it was dry, silver top electrodes were deposited by e-beam evaporation through a mask (step 3). The electrode diameter was 1.5 mm. In the fourth step, electrical characterization was carried out on both devices. For convenience, the OPV device on the left-hand side (no ZnO-NWs) and on the right-hand side (with ZnONWs) were labeled as device 1L and 1R respectively. For the I SC measurement, a halogen lamp was employed for visible photoexcitation. The power density near the device surface was ∼6 mW cm −2 . Another halogen lamp equipped with a long wave pass filter with cutoff at 760 nm was used for near infrared (NIR) photoexcitation. The power density for this illumination was ∼2 mW cm −2 . A Keithley 2400 sourcemeter was employed to measure photoresponse of I SC as well as the I -V characteristic of the devices.
A similar approach (figure 1(a)), in which two OPV devices are fabricated on one substrate, was adapted to investigate the effect of decorating the ZnO-NWs with CdTeQDs. However, ZnO-NWs were grown on the entire ZnO film, instead of selectively growing them on just one side. This device was referred to as device 2. The CdTe-QDs were deposited on one side of device 2 (figure 1(b)) via a pulsed electron-beam deposition (PED) technique under 17 mTorr of Ar background gas pressure. Detailed parameters of this CdTe deposition are described elsewhere [10] . Since it was difficult to resolve the CdTe quantum dots on ZnO-NWs with SEM, similar deposition was performed on Si wafer to characterize the morphology of CdTe using AFM. Figure 1 (d) represents an AFM image of the deposited CdTe on Si which shows nanoparticles of varying sizes. From detailed AFM analysis [10] , it was observed that the dominant nanoparticle diameter for this particular deposition was 1-2 nm. For convenience, the OPV device on the left-hand side (bare ZnO-NWs) and on the right-hand side (CdTe-decorated ZnONWs), were labeled as device 2L and 2R respectively. Their performance was compared similar to step 4 in figure 1(a) . The optical absorption of the devices was also characterized using a UV-vis-NIR spectrophotometer to gain more insight about the different devices. All the device characterizations described in this work were performed in ambient air. A second set of experiments was conducted to verify the results. More PV devices were fabricated and tested under a solar simulator with a 150 W xenon lamp and AM 1.5 filter (Newport). This time, different devices representing device 1 and device 2 were prepared on individual substrates instead of adapting the previous method in which two different devices were made in one substrate for comparison. In addition, all samples were annealed at 190
• C in argon for 30 min prior to the deposition of the Ag back electrode. It should be mentioned that the reference device without ZnO-NWs was also subjected to the same growth process but without the Zn source. This ensures that its ITO-coated substrate undergoes the same thermal cycling as the substrates for the devices with ZnONWs. An external quantum efficiency (EQE) measurement was also performed to investigate the effect of decorating the ZnO-NWs with CdTe-QDs.
Results and discussion
The operation of device 1 can be represented by the flat band energy level diagram illustrated in figure 1(c). The ZnO serves as electron acceptor and transporter. It accepts photogenerated electrons from either P3HT or PCBM and transports them towards the ITO. The PCBM, which is an n-type material, also accepts electrons from the P3HT and transports them towards the ZnO. On the other hand, P3HT transports its photogenerated holes towards the Ag electrode. It accepts holes from the PCBM and transports them to Ag as well. In the first set of experiments, investigation of the OPV devices was conducted using a comparative approach. A reference sample was always prepared together with the test sample for comparison. It was not crucial to have optimum devices but it was critical to have consistency in the device fabrication. Thus, no post-thermal annealing was performed on the organic blend. The optimum ratio of P3HT to PCBM, as described elsewhere [11] , was not used because it was observed that device repeatability was better with a lower concentration of PCBM. But even with this concentration, it was evident that blending of PCBM with P3HT results in a higher I SC . In the second set of experiments, post-thermal annealing of the organic active layer was performed and the reported optimum ratio of P3HT to PCBM [11] was adapted. Figure 2 (a) shows the scanning electron micrographs (SEM) of the surface of the ZnO buffer layer after the growth of ZnO-NWs. The left-hand side image clearly shows the nanostructured surface, which is expected to enhance the surface area. It should be mentioned that the ZnO buffer layer prevents the organic active layer from being in direct contact with ITO. This is important since the ZnO-NWs do not entirely cover the ITO. The presence of ZnO buffer layer, which is n-type, may block the transfer of holes towards the ITO and thus reduce charge recombination. It can be observed that the nanowires seem to start from nuclei that are broadly distributed on the substrate. This is not surprising from a twostep growth method of ZnO-NWs. When Zn microcrystals are annealed in ambient, dendritic growth of ZnO occurs [9] . These microcrystals are formed during the first step, in which the Zn source is evaporated under flowing Ar. A magnified SEM of the surface of this nucleus is shown on the right-hand side image of figure 2(a). It consists of straight nanowires with diameters of less than 100 nm and lengths that can extend to more than 1 μm. Moreover, its surface is highly corrugated, providing additional surface area. The nucleus is expected to have a good electrical contact with the ZnO buffer layer and consequently with the ITO electrode due to its large contact area. All the nanostructures that grow from it will naturally have a good electrical contact with the bottom electrode as well. It serves as a center for collecting electrons that are injected to its nanowire branches. This is illustrated in figure 2(b) . The nanowires accept electrons from either P3HT or PCBM and transport them to the ITO via the nucleus. Since a nucleus consists of many nanowires that are directed in all directions, each nucleus can span the entire device thickness. This results in a built-in percolation pathway for the efficient transport of electrons to the ITO. Thus, an OPV device employing this nanostructured transparent electrode is expected to have improved I SC . This was indeed demonstrated in the experiment. Device 1R (with ZnO-NWs) had an I SC of around 0.8 μA, which is about 20 times higher than that of device 1L (no ZnO-NWs). Figure 2(c) , which compares the I SC of device 1R and device 1L when the light is turned on and off, clearly demonstrates the enhanced I SC of device 1R. In the figure, the topmost curve represents the photoexcitation signal employed in the experiment. The rise and decay time constants are less than 600 ms for both OPV devices, which was mainly limited by the temporal resolution of the sourcemeter. The fast photoresponse of the devices is a strong indication that there is no significant charge trapping in the device due to the defects in the ZnO. The slow increase in I SC during photoexcitation is possibly due to charge trapping in the organic matrix. This is a common characteristic of semiconductors with many defect states. Electrons and holes can be trapped many times before they can contribute to the photocurrent. The observed enhancement in I SC is quite similar to a report on hybrid solar cells based on P3HT and hyperbranched CdSe nanocrystals [12] . At 0% volume concentration of CdSe nanocrystals, the authors obtained a low V OC and almost no current could be extracted from the device. They observed the immediate rise of V OC to its full value of ∼0.6 V with incorporation of just a small number of nanocrystals. The I SC increased continuously up to 70% volume concentration of CdSe while the V OC remained the same. They explained their results in terms of the builtin percolation pathways provided by a single hyperbranched particle, which can fully contribute to photovoltaic conversion. Once a percolation network is established, a heterojunction is completed. Adding more hyperbranched particles will only increase I SC but not V OC . In this work, the 20-fold increase in I SC can be attributed to two benefits provided by the ZnONWs: the first is the enhanced surface area of the electrode, which increases the number of interfacial exciton dissociation; the second is the presence of direct conduction pathways for electrons, which eventually prevents charge recombination. Due to the nanowires extending vertically, a thicker active layer with efficient charge transport capability may be realized. A larger thickness is advantageous for absorbing more photons.
It has been previously demonstrated that decorating the ZnO-NWs with CdTe-QDs can provide a photosensitization effect in which the photoconductivity of ZnO-NWs in the visible wavelengths is enhanced [13] . Here, the PED technique was employed to decorate the ZnO-NWs with CdTe-QDs. A pulse of an electron beam (width ∼ 100 ns) with a current density reaching 400 A cm −2 and confined to a beam diameter of 3 mm diameter is delivered to a CdTe target which causes local heating and evaporation. In the presence of an inert background gas such as argon, the ejected species undergo collisions with the gas inducing nanoparticle formation in the plume. Thus, CdTe-QDs can be deposited on a substrate with the right combination of background gas pressure and distance of the substrate from the target. From previous work [10] , the PED parameters for depositing CdTe-QDs on mica substrates were already determined. Using these parameters, QDs with dominant diameters of 1-2 nm as measured by AFM, could be realized. Thus, the same parameters were used to deposit similar CdTe-QDs on ZnO-NWs. The possibility of a regrowth process was ruled out since the ZnO-NWs were at room temperature during deposition. To support this claim, a separate experiment was performed, and it was indeed observed that the optical absorption properties of CdTe-QDs deposited on mica via PED were not altered when the mica surface was buffered with a 10 nm layer of ZnO film before deposition of CdTe-QDs. This is a good indication that the same CdTe-QDs are collected whether the collecting surface is mica or ZnO. Figure 3 (a) compares the I SC of device 2L, which consisted of bare ZnO-NWs (reference device), and device 2R, which consisted of decorated ZnO-NWs (test sample). It shows the photoresponse of I SC when the light is turned on and off. It can be observed that the I SC of device 2R is significantly higher than device 2L. The increase is about a factor of 1.5. The rise and decay time of I SC is fairly fast for both devices. Their time constant is less than 600 ms, which is similar to device 1L and 1R. Device 2R and 2L both behaved like a diode. Their dark I -V curves ( figure 3(b) ) exhibit rectifying characteristic, with rectification ratios of 4 and 36 at ±0.5 V bias for device 2L and 2R respectively. Under photoexcitation, they demonstrated the photovoltaic effect. Figure 3 Since all the devices were tested under the same non-standard light source, it is fair to compare I SC and V OC of device 2R and 2L. It can be noticed in figure 3(c) that device 2L has a slightly higher V OC value of 0.4 V as compared to 0.32 V for device 2R. This is attributed to the possible formation of a potential barrier between ZnO and the active layer after casting the organic blend on the CdTe-decorated ZnO surface. From previous observations, the photoconductivity of CdTe thin films slightly deteriorates after coating them with a P3HT film. The CdTe may have formed an energy barrier that favors one direction of electron transfer. The barrier opposes the transfer of photogenerated electrons from the organic layer to the ZnO. This interpretation is supported by comparing the dark I -V s of device 2L and 2R ( figure 3(b) ). In the reverse bias, which represents transfer of electrons from the organic layer to ZnO, the current is lower for device 2R. At forward bias, the current onset for device 2R occurs at a lower bias as compared to 2L. These observations suggest that the presence of CdTe between the ZnO and the organic layer in device 2R, favors electron transfer from ZnO to the organic layer but not the opposite. Further work needs to be done in order to fully understand this drop in V OC after decoration of CdTe-QDs. Table 1 summarizes the I SC and V OC values for device 1 and device 2.
To determine whether there is an increase in the peak output power (P peak ) of device 2R, which determines its ε, the photoexcited I -V curves of device 2R and 2L were analyzed. Their P peak were obtained by searching numerically for the point on their I -V curves that yields the maximum product of I times V . This point is located in the fourth quadrant. Results revealed that P peak of device 2R was a factor of 1.6 higher than that of device 2L despite of its lower V OC . Its fill factor of 26% was also higher by 5%. It should be mentioned that these fill factor values are still low compared to optimized OPV devices, which can have values above 50%. The low fill factor can be attributed to the following factors: the high sheet resistance of ITO electrode; the absence of a charge selective interlayer such as PEDOT:PSS; and the large thickness of the active layer. Photocurrent generation mainly occurs near the transparent electrode. The layers that are not generating photocurrent only serve as an internal series resistance, which degrades the fill factor. The ε of OPV devices employing high-surface area electrode based on ZnONWs can be significantly enhanced by decorating the ZnO with CdTe-QDs. One of the apparent reasons for the enhancement of ε is the photosensitization effect that extends the optical absorption of the device to longer wavelengths. This increases I SC , which consequently improves ε. As depicted in the energy level diagram of figure 3(d) , when CdTe-QDs absorb photons, photogenerated electrons can be injected into the ZnO while holes can be transferred to the P3HT. To support this explanation, the optical absorbance of device 2L and 2R was compared. The results are shown in figure 4(a) . The curves are normalized to show the overlap in the absorption of the organic blends for both devices. The plots show that device 2R exhibits increased optical absorption in the 650- 820 nm wavelength range. This can only be attributed to the photosensitization effect of CdTe, which has its band edge absorption around 820 nm. Furthermore, the increase in I SC of device 2R was more pronounced under NIR photoexcitation than under visible photoexcitation. Figure 4 (b) compares the I SC of device 2L and 2R when NIR illumination is turned on and off. The I SC of device 2R is 4.3 times higher than that of 2L due to the photosensitization effect of CdTe-QDs. Under visible photoexcitation, I SC only increased by a factor of 1.5 after decorating with CdTe-QDs.
The results for the second set of experiments are shown in figure 5 . The topmost graph depicts the photovoltaic response of three different devices under simulated sunlight. The first is the reference device, which has no ZnO-NWs. The second device has bare ZnO-NWs and the third device has CdTedecorated ZnO-NWs. It is demonstrated that using a highsurface area electrode based on ZnO-NWs increases the I SC by a factor of 8. Although this is a significant enhancement, the 20-fold increase, observed in the first set of experiments, was not seen on this new batch of devices. This can be explained by the difference in the quality of the organic blend employed in the two sets of experiments. In the first part, the effect of the ZnO-NWs was greatly enhanced because the organic active layer was too far from optimum as evidenced by the low V OC of 0.05 V for device 1L. It was not thermally annealed and the amount of PCBM blended with the P3HT was very small. Thus, the introduction of ZnO-NWs had a huge impact, as demonstrated by the increase in V OC from 0.05 to 0.3 V. However, in the second set, the V OC of the reference and the bare ZnO-NW devices is the same at 0.56 V, which is comparable to what has been reported on P3HT:PCBM OPVs. These two devices have basically the same structure. The reference device has a buffer layer of ZnO film on top of the ITO ( figure 1(a) ). Growing of ZnO-NWs on the ZnO film buffer does not change the energy alignment of the device structure. Hence, it does not affect the V OC but increases the I SC by providing large interfacial area for exciton dissociation and direct conduction pathways for electrons towards the ITO. Among the three devices, the CdTe-decorated ZnO-NW device exhibits the highest I SC , corresponding to a current density of 2.1 mA cm −2 . However, its V OC was reduced to 0.41 V. This reduction was also observed in the first set of experiments ( figure 3(c) ), which was attributed to the possible formation of a potential barrier between ZnO and the active layer after casting the organic blend on the CdTe-decorated ZnO surface. A better understanding of this effect is certainly needed to maximize the enhancement in ε that can be provided by CdTe-QDs. It is also required to select an alternative solvent or conducting polymer that will work better with the CdTedecorated ZnO-NWs. The increase in I SC due to the CdTeQDs is best demonstrated in figure 5(b) , which plots the EQE as a function of wavelength. In the 320-600 nm range, photon to current conversion is improved significantly. This can be attributed to the high quantum efficiency of CdTe-QDs. Below 350 nm, there is a strong UV absorption by the glass substrate and this contributes significantly to the sudden drop in the EQE. At wavelengths longer than 600 nm, the improvement in EQE is only slight. This can be explained by the quantum confinement effect. Since the dominant size of the QDs is in the 1-2 nm range, most of them have blue-shifted band edge absorption. Thus, they absorb strongly in the visible wavelengths. The value of ε for the CdTe-decorated device is only 0.2%. The low conversion efficiency is mainly ascribed to the high sheet resistance of the transparent electrode after growing the ZnO-NWs. In these devices, sheet resistance increased from 12 to around 150 due to the thermal cycling associated with the growth process. This is also the primary reason for the poor fill factor (25%) of these devices. Cracking of ITO may occur during the change in temperature because of the difference in the thermal expansion of ITO and glass. At present, ways to circumvent this problem are being explored.
Conclusion
A high-surface area electrode for organic photovoltaic devices has been explored. It was based on ZnO-NWs decorated with CdTe-QDs. Using a blend of P3HT and PCBM as active layer, it was demonstrated that the ZnO-NWs alone can provide a 20-fold increase in I SC under visible light illumination. The ZnO-NWs enhanced the surface area of the electrode, which consequently increased the interfacial exciton dissociation. They also provided direct conduction pathways for the electrons towards the ITO, and that reduced charge recombination. When they were decorated with CdTe-QDs, a further increase in I SC was observed. CdTe-QDs improved EQE in the visible wavelengths due to their high quantum efficiency. They also provided a photosensitization effect that enhanced the I SC in the 650-820 nm wavelength range. This consequently improved the maximum power output of the device. Decorating with CdTe-QDs also resulted in a better fill factor. Direct growth of ZnO-NWs on ITO via physical vapor method may improve the electrical connectivity of the nanowires with the collecting electrode. Making these ZnONWs vertically oriented is expected to further improve their capability as direct conduction pathways for electrons and it will increase the surface area exposed to light. This work is currently in that research direction.
